The relative differences in internal cation mobilities are measured for the molten systems (Li-Rb)N03 and (Li-Cs)N03 over a wide range of temperatures and concentrations with a countercurrent electromigration method, and the internal mobilities are calculated from these results and the available data on the electrical conductivity.
Introduction
In binary molten salt mixtures (Li-M)X it has been observed that under some conditions Li + migrates more slowly than the larger cation M + (MX = NaBr [11] , NaN03 [2, 3] , KCl [4, 5] , KBr [1, [6] [7] [8] , KN03 [2, 9], KoS04 [10] , CsCl [5] , AgN03 [11] [12] [13] , and TIN03 [14] ). We shall name this kind of phenomenon the Chemla effect after Chemla, who discovered it [15] . Interpretations have been based on complex or the associated ion formation [6, 16, 17] and anion polarization [4] . Molecular dynamics simulations of the molten systems (Li-K)Cl and (Li-Rb)Cl did show, however, that the phenomenon could be interpreted in a different way [18] : the predominant factors ruling electrical conductivity seem to be ionic sizes in comparison with free space in the melt.
In a previous study on the system (Li-T1)N03 [14] it has been observed that the isotherm of the mobility for Tl + decreases drastically at low concentrations of TINOg , particularly at low temperatures. This can also be interpreted in terms of the ionic size as compared with the free space. This phenomenon had not been observed distinctly for other binary systems, probably because the larger Reprint requests to Dr. Isao Okada. Please order a reprint rather than making your own copy.
0340-4811179 / 0400-0498 $ 01.00/0 cations were not as large as Tl + and also because the isotherms were examined at relatively high temperatures. Presumably because of the latter reason this phenomenon has not been found in a recent study on the system (Li-Cs)Cl [5] , although Cs + is larger than Tl + .
In the present study we have chosen Rb + and Cs + as the larger cations in order to clarify further the effect of ionic size on the mobility. Nitrate systems are chosen, because the relative difference in internal mobilities of the two cations, e, can be measured more easily and accurately in them than in other systems such as chlorides. The quantity £ is measured with a countercurrent electromigration method (Klemm's method) and the internal cation mobilities are calculated from the e values and the available data on the equivalent conductivity of these systems.
Experimental
The electromigration cell used is shown in Figure 1 . This kind of cell was devised originally for the purpose of enriching 6 Li [19] . Since metals do not electrodeposit at the cathode owing to electrolysis of NH4 + , it was not necessary to lead a mixture of NO, and 02 into the cathode compartment, which was the usual practice in this kind of experiments. The upper part, containing molten NH4N03, was kept at about 180 °C with an electric heater, and with another one the lower part was kept at the chosen temperature. A ternary mixture of (Li-Na-K)N03 with the eutectic composition was employed as the melt in the lower large compartment. Before electromigration, the mixture under investigation was held just below the melting points in vacuo for about 3 hr, then melting, dried argon gas being bubbled through it for about 1 hr, and then introduced into the separation tube. The choice of the lowest temperature for electromigration was based on the phase diagram of the mixtures ((Li-Rb) N03 [20] and (Li-Cs) N03 [21] ). After electromigration, the content of cations in the separation tube was determined with flame spectrophotometry (Li) and atomic absorption spectrophotometry (Rb and Cs). Other experimental procedures were similar to those described previously [14] .
Results
The quantity £12 is defined by
where &lj2 is the internal cation mobility, i. e. the cation mobility relative to the anion, and b the averaged one, which is related to the equivalent conductivity, A, by
where p is the initial equivalent fraction of the corresponding cation and F Faraday's constant; the [10, 14] . Experimental conditions and the results are tabulated in Tables 1 and 2 . The values of f12 are plotted against temperature in Figs. 2 and 3 for the system (Li-Rb) N03 and in Fig. 4 for (Li-Rb) N03 .
From Eqs. (1) and (2) it follows that
Isotherms of bx and b2 are shown in Fig. 5 for the former system at 573 and 623 K, and in Fig. 6 for the latter at 543 and 643 K. The equivalent conductivities are calculated from the available data on specific conductivities ((Li-Rb) N03 [20] and (Li-Cs) N03 [22] ) and densities [23] . 
Discussion
The Chemla effect is observed in both (Li-Rb) N03 and (Li-Cs) N03, as shown in Figs. 5 and 6, respectively. In the former the isotherms of the two cation mobilities at relatively high temperatures cross each other at three points. Crossing at three points has not been found in any other systems so far and cannot be explained clearly at present.
Ionic mobilities can be expressed in terms of correlation functions between mean ionic velocities [24, 25] . This could be roughly approximated by the simplifying assumption that ionic mobilities would be related with a separating motion of the nearest neighbouring cations and anions. This assumption has been verified numerically for some alkali chlorides with molecular dynamics simulations [18] . Thus it is expected that, whereas the diffusion coefficient of Li + should be larger than that of a larger and heavier cation in molten mixtures, the mobility of the former would not always be higher than that of the latter. In fact, the self-diffusion coefficient of Li + is larger than that of M + in the mixtures so far studied in which the Chemla effect is found for the mobility [9] .
In view of the fact that the well of the pair potential between Li + and Cl~ is very deep [26] , that between Li + and N03~ is expected to be also deep. Therefore, although the small size and mass of Li + facilitate its movement along the "surface" of the nearest neighbouring N03~, Li + cannot readily move away from the N03~, unless another N03~ is present near it. In other words, an increase of the number density of N03~ will increase the probability that Li + moves away from one N03~ to another. The internal mobilities of Li + at 623 K in the nitrate mixtures so far studied are plotted against the molar volume in Figure 7 . The internal mobility in the system (Li-K)N03 is evaluated from the data on the external mobility ratio [9] , the specific conductivity [27, 28] and the density [23] . That in the system (Li-T1)N03 is recalculated from the equivalent conductivity data given by Brillant [29] . Figure 7 shows that the internal mobility of Li + decreases monotonously with increasing molar volume irrespective of the kind of mixture except (Li-Ag)N03 and (Li-T1)N03. As for (Li-Ag)N03, the data taken from [11, 12] lie on the same curve while those from [13] deviate considerably. As for (Li-T1)N03, positive deviations occur at larger molar volumes, that is at high concentration of T1N03 . This would be caused by the extraordinarily high external mobility of N03~ in T1N03 compared with that in pure alkali nitrates. The external mobilities of N03~ at 693 K are evaluated to be 2.03, 2.03, 2.59, 2.35, and 3.37 x 10~8 m 2 V" 1 s" 1 in NaN03 , KN03, RbN03 , CsN03 , and T1N03 , respectively, from the external transport numbers (NaN03, KN03 [30] , RbN03 [31] , CsN03, and TIN03 [31, 32] ).
At any rate, it may be safely stated that at least in the systems (Li-Alk)N03 (Alk = alkali metal) the internal mobility of Li + decreases with increasing molar volume, that is, with a decrease in the number density of N03~, irrespective of the kind of mixture. However, from the data on the specific conductivity [33] and the molar volume [34] under high pressure, it follows that the isothermal equivalent conductivity of pure molten LiN03 decreases with decreasing molar volume, as shown in Figure 7 . This may be because the motion of N03~ decreases due to the decrease of the free space with a further decrease in molar volume.
As for the internal mobility of the larger cation, the factor governing it is not so simple in appearance as that for Li + . At high LiN03 concentrations, particularly at low temperatures, b2 decreases markedly with an increase of px, as is seen from Figs. 5 and 6. The value of p2 where the isotherms of &2 have the maximum increases with decreasing temperature, and the molar volume of the corresponding mixtures seems to be nearly constant irrespective of temperature. This would indicate that there is a kind of critical volume for the free space large enough for a separating motion of the larger cation and N03~. In this concept, the free space does not necessarily mean microscopic voids large enough to accomodate the ion wholly. Molecular dynamics studies show that many-event mechanisms involving cooperative motions rather than jumping motions could well describe diffusion in molten salts [35] .
Except the region very rich in Li + , b2 increases with an increase of px. From findings by molecular dynamics simulation [18] , it is expected that, as pt is increased, the diffusive motion of N03~ and the large cation would be increasingly stimulated with attraction and repulsion, respectively, by the vigorous motion of Li + arising from its small size and mass. The stimulated diffusive motion would facilitate a separating motion of the large cation and N03~, both because the well of the pair potential between them is not so deep as that between Li + and anion, and also because the probability that other N03~ ions are present very near the larger cation is high. Thus, while the large cation would affect the mobility of Li + in the mixture only through the molar volume change, Li + would act on that of the large cation in a somewhat more complicated way as stated above.
The Chemla effect therefore occurs as a consequence that decreases considerably with decreasing pj, while b2 increases moderately with decreasing p2 .
As temperature increases, the volume of free space will increase. While this is favourable for the mobility of the large cation, the expansion of the free space, per se, will be unfavourable for that of Li + , as stated above. However, the decrease of the mobility caused by it would be masked with the overwhelming increase of the diffusive motion with rising temperature. Therefore, as temperature increases, bx increases somewhat moderately, while b2 rises considerably. Consequently, the value of p2 where bt and b2 cross each other will decrease with increasing temperature.
In conclusion, the mobilities of both Li + and the large cation in the mixture could be explained consistently on the assumption that the dominant factors which rule these would be the pair potential between cation and anion and the ionic size as compared with the volume of free space. Although the mass of ions is really a factor ruling the diffusive motion and the mobility, it would be a minor factor in comparison with the above mentioned ones.
